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RESEARCH MEMORANDUM
AN AWATYSTS OF THE POTENTTALITIES OF A TWO-STAGE
COUNTERRCTATING SUPERSONIC COMPRESSOR
By Ward W. Wilcox

SUMMARY

Because of recent developments which have indicated that relative
Mach number limits may be raised to low supersonic values (<1.6) with
satisfactory efficiency, an evaluation of the potentialities of an axial-
flow counterrotating supersonic compressor was made. In order to deter-
mine the magnitude of the major design variebles at the various pressure
ratio levels, & one-dimensionsl anslysis was made for blade speeds at
intervals from 1000 to 1400 feet per second. The analysis showed that
pressure ratios up to 8 may be obtained at values of turning angle, first-
stage Mach number, and tip speed considerably lower than are now being
considered for single-stage supersonic compressors. Although the second-
stage Mach number is inherently higher than that of the first stage, it
may be held to values of 1.6 or less for pressure ratios up to 6. For
all cases consldered by thies anslysis, the outlet conditions were such
that the stator problem was minimized; that is, the Mach numbers were
<1.2 and the flow angles were <30°.

The results of a simplified three-dimensional-design study are pre-
sented for a pressure ratio of 8 in order to demonstrate the similarities
to and differences from the one-dimensional snalysis. In general, the
over-all trends are similer, although the average veloclties were lower
at the inlet and higher throughout the rest of the compressor than indi-
cated by the one-dimensionsl analysis. For equal energy addition from
hub to tip, more turning was required along the hub than along the tip
in both stages; thus, the average turning was somewhat greater than that
of the simplified analysis.

A comparison of the component performances of two compressor stages
investigated at the NACA Lewis laboratory with the analytical require-
ments fér a pressure ratio of 5 indicated that a counterroteting.compres-
sor with the following performance might be constructed from existing
design information:

Weight flow, 1b/(sec)(sq ft frontal area) . . . . . . . . . . « « . . 30
Pressure r8tio. « & ¢ ¢ & & ¢« 4+ t s s e s 8 e o + v e e 4 = 4" e e s O
Tip speed, ft/8€c + & v ¢ v 4 v v v 4 e e e e e e e s e s oo . . . 1100
Adisbatic efficiency. + « « o o« « « o« =« o « 2 s « « « » «» 0.80 or higher

If the weight penalty resulting from the mechanical detalls of cosxiasl
shafting were not too severe, a distinct advantage in engine size would

be possible,
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INTRODUCTION

The characteristics demanded of the compressor component by Jet-
engine designers are many and varied. The optimum compressor would pass
maximm weight flow per unit frontal area, would produce the desired
pressure ratio with a minimm number of stages and blades, would rotate
at speeds suitable for the turbine component, and would meintein a high
adisbatic efficlency over the full range of required operating conditions.
Of the various types of compressor now belng used or projected for future
use, each has its merits and feults. The supersonic! axial-flow compres-
sor, for example, appears to offer advaentages of high stage pressure
ratio and high weight flows (reference 1) but problems peculiar to this
compressor type have accompanied its introduction. For high single-
stage pressure ratios (> 4) the problem of converting the high dynamic
energy to useful pressure arises (reference 2). In addition, the high
tip speeds and weight flows combine to create a difficult situation for
the turbine designer (reference 3).

It has long been recognized that the counterrotation of successive
stages of an axiasl-flow compressor offers potentially high pressure

ratios per stage without excessive rotational speeds. At the tip speeds

now utilized in Jjet engines, the mechanical problems of counterrotation
1imit the number of stages to two, driven by a single geared turbine ar
two free-running turbines through concentric shafts. In order to find
any useful application, therefore, a counterroteting compressor must
produce the desired pressure ratio in two stages and at the same time
meintain the other desirable characteristics previously mentioned.

In the past, when serodynamic considerations limited the Mach num-
ber relstive to the blades to 0.8, the low over-all pressure ratlos
obtainable from two counterrotating stages did not warrant the additlional
mechanical complexity Involved. Recent experimental results from com-
pressors designed to operate at transonic relative Mach numbers (refer-
ence 4) have indicated, however, that an efficiency comparsble with that
of subsonlc stages may be mainteined up to & Mach number of 1.2. In
addition, recent umpublished data show that Mach numbers in the low
supersonic renge (<1.6) may be employed in a supersonic axial-flow com-
pressor with satisfactory adisbatic efficiency (0.85 for rotor alone).
Because of these recent developments indicating that limiting Mach num-
bers can be ralsed well above previous values, a reevaluation of the pos-
sibilities of the counterrotating compressor appeared to be advisable.

With the bellef that the trends determined by a one-dimensional
analysis would also apply for practical compressor designs, such an
analysis was made at the NACA Lewis laboratory for several typical
counterrotating compressor deslgns in order to determlne the pressure
ratio potential and the order of magnitude of some of the required
design variables at these pressure ratios. Complete velocity dilagrams
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were determined at intervals of blade speed varylng from 1000 to

1400 feet per second for three different outlet conditions. The first
case speclified purely axial discharge at a Mach number of 0.70 and thus
eliminated the need for stators, although some snnular diffusion would
be necessary. The other two cases specified an outlet Mach number of
1.2 with absolute whirl components of 400 and 800 feet per second. The
flow angles corresponding to these whirl components were approximately
15° and 30°, respectively. In addition, the effect of inlet guide vanes
was determined for 10° counterprerotation at a blade speed of 1200 feet
per second for the case with the outlet whirl component of 800 feet per
second.

In order to indicate the validity of the trends established in the
one-~dimensionsl anslysis, an approximate three-dimensional compressor
design was maede for a pressure ratio of 8. No attempt was made to deter-~
mine the optimm configurstion at this one pressure ratio. For this com-
parison, the blade speed of the one-dimensional analysis was consldered
as the mean outlet wheel speed of & three-dimensional design and the
gimilarities and differences imposed by consideration of f£flow at other
radii were determined.

In order to indicate the possibility of using current informstion
to produce & practical counterrotating supersonic compressor, the compo-
nent performance of two exlisting compressor rotors was applied to certain
design specifications from the one-dimensional anelysis for an over-all
pressure ratio of 5.

ONE~-DIMENSTONAT, ANATYSIS AND CONDITIONS
Initial Assumptions

For the purposes of this analysis, vector disgrams were prescribed
at the inlet and the outlet of each stage wilthout regard toc the specific
detailes of blade construction necessary to obtain the desired condi-
tions. The two stages were assumed to rotate in opposite directions at
the same angular speed. Flow conditions were at constant radius through-
out the analysis. Although some of the pressure ratios, and thus tem-
peratures, covered by this analysis were high, a constant value of the
specific heat of air (0.24) was used for simpliecity.

In this report no direct consideration wes given to the presence or
absence of shock waves, boundary lsyer, flow separation, wskes, and so
forth, but an gllowance for the effect of such disturbances was made by
assuming values of adisbatic efficiency based on experience. For the
first stage, where Mach numbers are relastively low, a value of 0.90 was
chosen. Thig value is considered to be realistic at low blade speeds
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( <1200 ft/sec) but too high at higher blade speeds. Because the Mach
number level in the second stage was considersbly higher, an adisbatic
efficiency of 0.85 weg chosen. This efficlency was also considered real-
istic for Mach numbers up to 1.6, but too high for higher values at the
present time., Although the assumption of a pressure recovery (ratio of
outlet to inlet total pressure relative to the blades) as a function of
relative Mach number may seem to be more sultable, this assumption results
in increasing adisbatic efficiency with an increase in rotor turning
(pressure ratio). This situation is contrary to compressor experlence.

A typilcal set of vector dlagrams for a counterrotating compressor
without inlet guide vanes is shown in figure 1. Air enters the blading

at a relative velocity Vi end angle Bi which depend on the blade

gepeed or and the inlet veloeity vz,l' (A1l symbols are defined in
appendix A.) For this analysis, the axial inlet Mach number was chosen
t0 be 0.70 and blade speeds were varied from 1000 to 1400 feet per sec-
ond. The alr is decelerated relative to the blades and turned to the
angle Bé shown in the second diagram. Addition of the blade speed

determines the absolute outlet velocity Vs, at the angle Bj-

The smount of decelerstion and turning in the blading of the first
stage determines the pressure ratio obtainable from this stage and also
establishes the whirl component at the entrance to the counterrotating
second stage. In general, the deceleration in the first stage should be
as large as possible to reduce the second-sgtage inlet Mach number. As a
result of a survey of runs of several rotors, a velue of deceleration
was chosen which corresponded to 40-percent conversion to statlc pres-
gure of the difference between relatlve static and total pressures at
the rotor inlet. This is considered to be an atiainable value of con-
version at moderate inlet Mach numbers.

The wheel speed of the second stage, which rotates in a direction
opposite to the first, then determines the value of angle and veloclty
relative to the second rotor. Outlet conditions for the second rotor
were get up for the three different ceses shown in figure 1 as selected
on the bagis of stator inlet conditions. From the established gbsolute
outlet vectors it was possible to determine the relstivé conditions and
hence the turning and veloclties throughout the diagram.

The three different types of outlet conditlions considered are:

Case 1t Discharge st an sbsolute Mach number of 0.70 in an axial
direction. No stators are needed.

Case 2: Discharge at a Mach number of 1.2 with a whirl component
of 400 feet per second. This condition results in a small absclute
outlet angle B, of about 15°.

- 2569
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Case 3: Discharge st a Mach nmumber of 1.2 with & whirl component
of 800 feet per second. This condition results in an sbsolute outlet
angle of about 30°.

In cases 2 and 3, where stators are required to return the air to
the axisl direction, it was considered reasonsble to assign & higher Mach
mmber at the second-stage rotor outlet, since this change essentially
trensfers part of the deceleration to the stators. A sample calculation,
which presents a complete example of case-2 design at 1200 feet per
second, is given in appendix B. The pressure ratios presented in this
report do not include stator losses.

Case 1

Tn the following discussion the major design varisbles which will be
presented as functions of over-all pressure ratio for case 1 are: rela-
tive turning angle for each stage, Mach numbers relative to the inled
and the outlet of each stage, and the distribution of total-pressure
ratioc and enthelpy rise between stages. Similar presentations wlll be
made for cases 2 and 3. o

Required turning per stage. - The varlation of both first- and
second-stage relative turning angle with over-all pressure ratio is given
by figure 2 for blade speeds of 1000, 1100, 1200, 1300, and 1400 feet per-
second. As would be expected, the over-sll pressure ratlo Increases as
first-stage turning and blade speed increase. Values of second-stage
turning are restricted to a smsller range of values by the requirement
of axisl discharge at & Mach number of 0.7. The dash-dot line across
the inlet turning curves represents axisl dlscharge relative to the
first rotor. In general, for case 1, the flrst-stage turning exceeds
the second-stage turning except at very low pressure ratios.

Mach number relative to the first stage. - The inlet and the outlet
relative Mach numbers are given for the first stage in figure 3. The
inlet relstive Mach number, which has a unigue value for each blade
speed, 1s quite low (<1.49) because blade speeds are kept low while
the desired pressure ratios are still obtalned. The outlet relative
Mach number, which was determined by the reguirement of 40-percent con-
version mentioned in a preceding section, decreases slightly with
increasing over-all pressure ratio and increases slightly as the blade
speed is raised. In all cases, however, the outlet relative Mach number
is subsonic and requires some type of shock within the rotor.

Mach number relative to the second stage. - The inlet and the out-
let Mach numbers relative to the second stage are shown In figure 4. By
the nature of counterrotation, the second-stage inlet Mach number is
higher than the first-stage inlet Mach number. Because the second-stage

'-
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inlet Mach npumber is virtually independent of blade speed for case 1, a
single curve is given for sll speeds. The outlet Mach numbers, as with
the first stage, decrease with decreasing blade speed and increasing
pressure ratio. The deceleration within the second stage, as shown by
the difference between inlet and outlet Mach numbers, Increases somewhat
as blade speed decresases.

Distribution of enthalpy rise between stages. - The distributlon of
enthalpy rise or work between the two stages is a matter of some concern
to turbine designers. Figure 5 shows that, for case-l design, where
rotation is introduced in the first stage and then removed by the second,
the total enthalpy rise is evenly divided between the two stages. 1In a
counterrotating jet engine with separate coaxlal shefts, the second com-
pressor stage would be driven by the first turbine stage. To assign
only helf the work losd to the higher-temperature shorter-bladed first
turbine stage might result in excessively difficult design problems for
the second turbine stage. It is desirable, therefore, to delegate a
greater share of the energy addition to the second-stege compressor rotor
and hence to the first turbine rotor. In order to afford s direct com-
parison of enthalpy-rise distribution, the first-stage enthalpy rise is
plotted againet second-stage enthalpy rise for cases 1, 2, and 3 in fig-
ure 5. Contours of constant over-all pressufe ratio are shown by the

dashed lines. —

Distribution of pressure ratio between stages. - For -case-l design,
with the energy addition the same for each stage, the second-stage pres-
sure ratio must necessarily be less than that of the first stage,
because the inlet temperature is higher. In addition, for this particu-
lar esnslysis, second-stage efficlency was assumed to be 85 percent as
compared with 90 percent for the first stage. The resulting distribu-
tilon of pressure ratio is independent of blade speed and 1s shown in
figure 6.

Case 2

For case 2, the outlet conditions chosen were for esn absolute Mach
number of 1.2 with a residual whirl component of 40Q feet per second.
An outlet angle of approximately 15° resulted.

Required turning per stage. - As shown by figure 7, the increase in
pregsure ratlo resulting from an additional 400 feet per second of
residual whirl mekes less Ffirst-stage turning necessary for a gilven
over-all pressure ratioc than for case 1 (fig. 2). On the other hand,
the second-stage turning is increased considerably and is now of the
same order of masgnitude as the first-stage turning. The absolute values
of turning are conservative as compared with single-stage supersonic

compressors of similar pressure ratlo. - " -
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Mach nunber relative to the first and second stages. - It is obvious
that adding a whirl coamponent at the end of the second stage will not
alter the entrance conditions into the first stage. On the basis of a
chosen pressure ratio, however, the first-stage outlet Mach numwber will
vary a small amount from that shown In figure 3 because less first-stage
energy addition is necessary. This effect is of minor importance and
therefore the first-stage outlet Mach number is not given for cases 2
and 3.

For constant pressure ratio, the second-stage inlet Mach nuwber may
be seen (fig. 8) to decrease slightly as blade speed is increased. A
comparlson of the curves for case 2 with those for case 1 (fig. 4)
reveals considerably lower second-stage inlet Mach numbers for case 2
for all pressure ratios.

The relative outlet conditions for case 2 are not directly compar-
able with those of case 1. TIn an effort to redistribute the decelera-
tion between the rotor and the stators, the ocutlet Mach number was
increased from 0.70 to 1.2. The rotor decelerstion, as shown by the
difference hetween inlet end outlet relative Mach numbers, is thus lower
then for case 1. TIn addition, the deceleration is slightly less for the
higher blade speeds.

The stator problem for the condltions of case 2 1s & minor ome as
compared with impulse-type supersonic compressors (reference 3). The
flow angle is of the order of 15° and thus the required turning is low.
Sample calculatlons have shown that the complete loss of the 400 feet
per second whirl component would decrease the pressure ratio by only
6 percent for the outlet condition of case 2. Diffusion of the axisl
component of velocity is therefore the principal cobjective in the
stators. This can probebly be done efficiently, since a Mach number of
1.2 has a negligible normal-shock loss. The over-all pressure ratios
given for cases 2 and 3 do not include any stator losses.

Distribution of enthslpy rise and total-pressure ratioc between
stages. - Reference to figure 5 shows that for case 2, second-stege
enthelpy rise exceeds that of the flrst stage by a fixed amount which
depends on the blade speed as well as on the residuel whirl.

The varlation of first- and second-stage pressure ratios with over-
all pressure ratioc is given in figure 9. At low over-all pressure
ratios, the second-stage pressure ratio exceeds that of the first stage,
while at values above approximately 7, the opposite is true.

Case 3

For case 3 an outlet Mach number of 1.2 was specified, with a
residual whirl component of 800 feet per second. This condition
results in a flow angle in the neighborhood of 30°.

-



Required turning per stage. - The curves of first- and second-stage
turning against over-all pressure ratio for case 3 are given in fig-
ure 10. For most over-sll pressure ratlos the second-stage turning
exceeds the first-stage turning. As compared with case 2 (fig. 7}, much
less first-stage turning is required for a given over-all pressure ratio
and as & result more second-stage turning is required. As in cases 1
and 2, at a given blade speed the second-stage turning is little affected
by the pressure ratio required; that is, a higher pressure ratio is
obtained by increasing the first-stage turning.

Mach number relative to the second stage. - The inlet and outlet
relative Mach numbers are presented in flgure 11 for case 3 for varlous
blade speeds and over-all pressure ratios. For a glven pressure ratio,
the condition of lower first-stage turning than for case Z results In
lower second-stage inlet Mach numbers. As for case 2, this inlet Mach
number decreases with lncreasing blade speed. Examination of the outlet
reletive Mach numbers shows that they are lower than for case 2 but are
relatively unaffected by blade speed or over-all pressure ratioc. In
spite of the reduced inlet Mach number at the inlet of the second stage,
the deceleratlon within the stage is greater for case 3 than for case 2,
although still less than for case 1.

The considersble increase in second-stege turning and deceleratlion
rate required of case-3 design, accompanied by an easing of first-stage
design conditions, penalizes the second-stage deslign in splte of the
reduced Mach nmuber level.

Distribution of enthalpy rise and total-pressure ratic between
stages. - From figure 5, 1t may be noted that for case 3 the enthalpy
rise is much gresater for the second stage than for the first stege.

This difference is accentuated at the higher blade speeds. As shown by
figure 12, the second-stage pressure ratio exceeds the first-stage '
pressure ratio for case 3 for all except high over-all pressure ratios.
This difference is greater at the higher blade speeds.

Comparison of Design Variables for Cases 1, 2, snd 3

Although direct comparison of the three cases must be tempered by
considerstion of the stator requirements, some general observations can
be made. For all three cases, the inlet conditions into the first stage
are considered reasonable (NH}<1.49). For most pressure ratios, the

turning angle is kept down to values below the angle of turning to the

axial direction. The deceleratlon rate chosen 1s considered practical

for this range of Mach number. Actually, a very wilde cholce of turning
angles and deceleration rates is available.

;2569 .
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In the second stage, the peak Mach number required for a given over-
all pressure ratio may be reduced by increasing the second~stage pressure
ratio. In this event stators are reguired to remove the whirl component
and may be made to share part of the deceleration. Obviously, any num-
ber of variations of deceleration and second-stage turning are possible
Por s glven pressure ratio with different stator inlet conditions as a
result.

For example, in a design wilth case-1 outlet diagram, at a pressure
ratio of 6 and blade speed of 1300 feet per second, the second-stage
turning angle is 15. 5° and the outlet relative Mach number is 1.15. By
a reduction in the relative Mach mumber to 1.02 in the blades, an outlet
absoluge Mach number of only 0.5 is obtained with a second-stage turning
of 7.3%.

In general, case-3 operation simplifiles the first-stage design at
the expense of that of the second stage. For high pressure ratios (> 8)
outlet angles of the order of that for case 3 may be required, and the
stators will have to assume & large share of the deceleration.

In the region between case-l and case-2 design there is & type of
operation where the residual whirl could be ignored with less loss than
could be expected from stators. The cases presented in this report are
not necessarily optimum but are typical examples set up to cover a range
of conditions. Actuslly, a wlde range of outlet conditions which could
be utilized for specific applications is available,

Effect of Prerotation

A comperison of a case-3 design is presented in figure 13 for s
blade speed of 1200 feet per second with the same design having 10° pre-~
rotation against the rotor direction. As compared with the effect of
blade speed or first-stage turning, the effects of prerotatlon are
small. .At a given blade speed and pressure ratio, prerotation increases
the Mach number entering the first stage and decreases the Mach number
entering the second stage (fig. 13(a)). Both first- and second-stage
turning required for a given pressure ratio are decreased a few degrees
(fig. 13(b)). First-stage pressure ratio (and therefore first-stage
enthalpy rise) is increased by prerotation with a corresponding decrease
in second-stage values (fig. 13(c)). For case-3 operation, prerotation
may be of some help in properly distributing the total decelerstion
between stages. For case 1, however, prerotation depreclates an enthalpy
distribution which is already poor.

At the high axial inlet Mach numbers (0.70) characteristic of
supersonic compessors, the use of prerotetion is limited because of
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choking in the guide vanes. Unpublished experiments have shown that in
an annulus of constant area, only 10° or 12° tuwrning is possible wlthout
choking for an axial inlet Mach number of 0.70.

THREE -DIMENSIONAT. COMPRESSOR DESIGN

The preceding analysis is based on the premise that a fluid element
is always &t the same radius in its path through the compressor. Such
ig not the case for practical compressor deslgns and some discussion of
the resulting varistion from the analysis is required. In order to pro-
low hub-tip radius ratio is necessary for the first stage. For example,
in order to obtain a weight flow per unit frontal area of 33.9 pounds
per second at an axial Mach number of 0.70, a hub-tip radius ratio of
0.50 1s required. As the air is turned toward the axial direction from
the initial direction, more area is available between blades and must be
reduced by converging the shrouds. Greater energy addition is possible
if the mean radius of rotation is increased and therefore the imner
shroud radius only is usually increased. For compressors with low hub-
tip radius ratios and high over-all pressure ratios, the rspid rate of
change of curvature of the hub causes seveXr® pressure gradients from hub
to tip. In addition, the usuml reversal of curvature near the outlet
further complicates the pressure gradients. Because lengthening the
flow path to reduce the magnitude of the curvature results in a long
heavy compressor, & more suitable solution might be to curve the outer
shroud inwerd to introduce opposite pressure gradients. In this case,
the mean radius will be increased by a smsller amount, and greater .
turning than for a constant outer diameter will be reguired for a glven
pressure ratio. Because the turning in the counterrotating compressor
is not excessive, a slight incresse may offer a reasonsble compromise.

In any roteting compressor, a problem which is further aggravated
by low hub~-tip radius ratios is the desirability of equal energy addi-
tion from hub to tip. Because the blade speed at the lower radll is _
less, the relative turning must be greater for equivalent energy addi-
tion. In & rotor with radiasl-element blading, a long tail section would
be necessary to provide extrs turning at the root. At the lower tip
speeds made possible by counterrotation, departures from radial-element
blades mey be made which could shorten the length of a rotor.

In eddition, the higher velocities at the hub of the first-stege
rotor at the outlet (resulting from radial equilibrium and greater
turning) are a form of negative prerotation for the second-stage rotor
which allows equal energy addition in the second stage with less
turning than would otherwise be required. Also, the blade helght at
the inlet of the second-stage rotor is less than that of the first-
stage rotor and therefore the variation in inlet conditions from hub

R -
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to tip 18 less. Design conditions which result In equal energy addition
from hub to tip across the second stage usually result in discharge flow
angles which are gquite uniform from hub to tlp, & prerequisite for good

stator design,

The resulis of an epproximete three-dimensional design of & counter-
rotating compressor for a pressure ratio of 8 at a tip speed of 1300 feet
per second is presented in table I. Adisbatic efficiencies of 0.80 and
0.85 were assumed for the two stages, no guide vanes were used, and
40-percent conversion was assumed for the flrst stage. Redial equilibrium
was assumed to exist at the outlet of each compressor stage. Correspon-
ding values of the design variables from cases 1, 2, and 3 at a blade
speed comparable to the mean radius of this compressor at discharge sre
shown for comparison.

First stage. - In the three-dimensionel design, the hub-tip radius
ratio at the inlet was 0.5 and the tlp radius ratio was reduced to 0.9
in the first stage. The change in curvature slong the hub was not
excessive for the depth of wheel shown by teble I. The assumption of
conversion to statlic pressure of 40 percent of the difference between
total and static pressure In the first stage resulted in & tip relatilve
Mach number at the blade exit of 0.82. The turning in the first stage
was 44° at the tip and 54° gt the hub for the stage pressure ratio of
2.5. These values of turning are higher than those obtained from the
one-dimensional snalysis for a comparable first-stage pressure ratio.
The inlet relative Mach number, which varies from 1.40 to 0.83 from tip
to hub, is comsldersbly lower, on the average, than those obtalned from
the one-dimensional anslysis.

Second stage. - The inlet Mach number of the second stage increases
from tip to hub because of both radial equilibrium in the previous stage
and additional first-stage turning at the hub for equal energy addition.
As & result, the average value is somewhat higher than would be indicated
by the one-dimensional anslysis for the same stage pressure ratlio. The
absolute Mach number at discharge shows a similar trend, although the
values are still at & very reasonable level for stator design (<J“3).
The radial distributions of second-stage inlet angle, turning, and outlet
angle are all quite uniform. It should be noted that, although the nomi-
nal tip speed of the compressor is 1300 feet per second, actually the
mean tip speed of the first stage is 1235 feet per second and of the
second stage, 1203 feet per second as a result of the changes in tip
radius.

In general, the three-dimensional design results validate the trends
shown in the one-dimensionsal anslysis.
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PRESENT AND FUTURE POSSIBILITIES OF COUNTERROTATION

From the component efficiencies of two compressor units which have
been tested at the NACA Lewls laborstory, the present day poventialitiles
of a counterrotating axial-flow compressor mey be examined. For & pres-
sure ratio of 5 at a blade speed of 1100 feet per second, about 20°
of first-stage and 53° of second-stage turning are required (fig. 10).
Unpublished data for the rotor of reference 4, operating at 1100 feet per
second with sbout 20° turning at the tip and with over 40-percent con-
version, indicate an adigbatic efficiency of 0.90. From flgure 11, the
second-stage inlet Mach number for this design would be 1.57. Unpub-
lished runs of a supersonic compressor operating at design speed in _
Freon-12 (dichlorodifluoromethane, a commercial refrigerant) show thet
with inlet Mach number of 1.55 and turning of ebout 60°, the rotor
adisbatic efficiency was 0.85. In addition, the relative Mach number
at discharge was only 0.75, which would result in & lower stator inlet
Mach number than those used in this analysis. . )

From these data then, it seems permissible to predict that a _
counterrotating supersonic compressor which would deliver a pressure
ratio of 5 at an effilciency of more than 80 percent with weight flows of
30 pounds per second per square foot frontal area at the reasonable tip
speed of 1100 feet per second could be built from exlsting information.

This hypothetical compressor unlt would then match existing compres-
sors on the basis of welght flow and efficlency at a pressure ratio of 5
and at a tip speed currently practicel. The number of blades and stages
required is nearly the minimum possible. The inertia of each of the two
rotating elements would be very similar, which should help starting and
acceleration problems. In sddition, the gyroscopic forces on each rotor
resulting from the turning of the unit in flight would oppose one
another and thus reduce the over-all gyroscopic effect on the airecraft.

Specifically, the counterrotating supersonic axisl-flow compressor
could compete with the subsonlc axial-flow compressor in terms of weight
flow, efficiency, and pressure ratio at comparsble tip speeds with much
less length and fewer blades. This supersonic axial-flow compressor
would more than double the flow capacity of the centrifugsl-type compres-
sor at lower stress levels and with better efficilency, and would require
lower tip speeds, turning angles, and Mach numbers than the single-stage
supersonic compressor, which showld result in better efficiency.

From the deslgn values of the approximste compressor example for a
pressure ratio of 8 (table I), it may be seén that the first-stage flow
conditlons for higher pressure levels also lle within the scope of
existing experlence. In the second stage, however, the inlet relative
Mach number is higher than has been obtained with single-stage units.
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The effilcient diffusion of air from Mach numbers of this order of magni-
tude is the subJect of Intensive study at present, in connection with
ram-jet inlets as well as with stators (reference 2). Advances in this
fleld of research would lead directly to lincreased pressure ratio poten-
tial for the counterrotating supersonic compressor.

RESULTS AND CONCILUSIONS

An evalugtion of the potentialities of an axisl-flow counterrotating
supersonic compressor was made. In order to determine the magnitude of
the mejor design varisbles gt the varlous pressure ratio levels, a one-
dimensional analysis was made for blasde speeds at intervals from 1000 to
1400 feet per second. From the one-dimensional analysis the following
results were obtained:

l. High over-all total-pressure ratios were obtained in the counter-
rotating compressor without exceeding present aerodynamic 1imits.

2. For over-all pressure ratlos between 4 and 8, the values of
first-stage relative Mach number, first- and second-stage turning angle,
and blade speed represented a lowering of limits as compared with
existing single-stage supersonic compressors.

3. Mach numbers relative to the second-stage lnlet were inherently
high, but sppeared reasonsble (1.6) for over-all pressure ratlos below 6.

4, Discharge angles were relatively low and might possibly be held
low enough to eliminate stators altogether.

5. For purely axiel discharge the over-all enthalpy rise was
evenly distributed between stages. At greater discharge angles the
second-stage enthalpy rise exceeded that of the first stage, although
the pressure ratio did not in all cases.

6+« Inlet guide vanes which Imposed prerotation against the direc-
tion of rotation were of no great advantage on the basls of incressing
energy addlition and might be hermful to the enthalpy-rise distribution
in some cases.

An gpproximste three-dimensional design validated the general
trends glven by the one-dimensional analysis. For the same stage pres-
sure ratios, however, the average veloclties were lower at the inlet and
higher throughout the rest of the compressor than those given by the one-
dimensional analysis. For equal energy addition from hub to tip, more
turning was required along the hub than along the tip in both stages.
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From component efficlencies of .compressor stages presently avallable,
it seems posslble to design a counterrotating compressor fur a pressure -
retio of 5 which could compete successfully with known compressor types.
If the weight penalty resulting from the mechenicael problems of coaxial
ghefts were not too severe, a distinct advantage over existing types
would be possible.

Lewls Flight Propulsion laborstory
Natlonal Advisory Committee for Aeronautics

Cleveland, Ohio
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AFPPENDIX A

SYMBOLS

The folliowing symbols are used in this report:

a sonic velocity

M Mach number, V/a

P total pressure

P static pressure

T total temperature

v velocity

B angle of air with respect to axls of rotation
T ratio of specific heats

Nad adiabatic efficiency

wr tip speed

Subscripts:

1 first-stage inlet

2 first-stage outlet

3 second-stage inlet

4 second-stage outlet

a stagnation

z axial camponent

2] tangential (whirl) component
Superscript:

1

relative
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SAMPLE CALCULATION
The following assumptions were made:

Blade speed (both stages), ft/sec « « « v ¢ v v v v o 4 v 4 . . . 41200
Inlet axial Mach number « ¢ « « ¢ o o s s o s s s s o« s s s o« s 0.70
Prerotation (negative), deg « « « o ¢ « s o « « ¢ o s &+ o s s o o 10
Adigbatic efficiency, first stage « «+ ¢« ¢« ¢« o ¢ ¢« ¢ 4 ¢« ¢« o « &« o« 0.90
Adiabatic efficiency, second stage + « « .+ & . cne o o o 0.85

Conversion in first stage, percent of dlfference between relative

total and static pressure converted to static pressure . . . . 40
Outlet whirl component, first stege, ftfsec . « . « . . . . . . . 1000
Outlet whirl component, second stage, ftfsec . . . . . . . . 400
Outlet absolute Mech number « ¢ ¢ s o o o o o o s o s o » @ » 1.2

Flrst Stage

With the inlet-guide-vane vector dlagram shown, the absolute Mach

10°
By

M = 0.70
Z,1
vy

\

Vo,1

number is O.70/cos 10° = 0.71. At standard inlet conditions of Ppressure
and temperature (from teble I of reference 5), afag = 0.9531 and sonic
velocity &g = 0.9531X 1117 = 1066 ft/sec.

Thus,

Vy,1= 0.70X 1066 = 746 ft/sec

V, = 0.7LX 1066 = 758 £t/sec

1

V, o = 758 sin 10° = 132 ft/sec

6,1

‘EQKFTﬁENTTAITﬁf?
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The first-stage inlet diagram at axr = 1200 +then hecomes

VZ, ;= 746

The angle of the relative veloelty component
Bl = tan-l 1332/746 = 60.7°
and

V)= 746 /cos 60.7 = 1515 £t/sec

M! = 1515/1066 = 1.429

For the criterion for the deceleration in the first stage, 40 percent of
the difference between relative static and total pressure at the inlet
was assumed to bhe converted to static pressure within the blades.

Thus,
: ' + 0.40 (P! - p!
P, =PI (B] - »1)
P pl P! P! P! p!
._?.=O.60-:],—'—:£'-+0.40—:1-'-=-—:E' 0.60_.]'_'.[.0.40
P P! P P P P
2 1 2 2 2 1

The ratio pi/Pi may be found from tebles for the Mach number Mi. The
ratio Pi/Pé is the inverse of the recovery factor for the blades.
From the ratio pé/Pz' s Tthe relative Mach number at the blade discharge
Mz' may be found.
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In assigning an efflciency value to a supersonic compressor, a
common method is to choose a value for the recovery factor of the blades
Pé[Pi. However, as will be shown in appendix C, this assumption results

in increasing values of adiabetlic efficiency as the pressure ratio is
inecreased. Of course, this condition is contrary to most experience in
compresgor work. It was concluded that a more realistic assumption
would be that of constant adigbatic efficiency per stage.

The first-stage pressure ratio may be found as follows:

S
- y-1
(v-1) ar (V, , +V, )]
Py |} . Tag g,l. 0,2
Py 8a,l _
-13.5
. [:1+ 0.90 (0.4) 1200 (132+1000)
11172 _

3.5
= [1.3915]7 " = 3.17

Prom this pressure ratio and the adisbatic efficiency of 0.90, the
recovery factor may be found to be 0.838 from figure.l4d.

p'
2 0.60 X 0.3016 + 0.40

M‘é &= 018]-5
afa, = 0.9396 when M} = 0.815 from tebles

afa, = 0.8425 when M} = 1.429

Since the stagnation sonic veloclty relative to the blades remains
unchanged, :

89X 0.9396
8y = —s—ErEE— = 1190 ft/sec

V) = 1190X 0.815 = 970 f£t/sec

2569
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With the assumed value of Vg p OFf 1000 ft/sec, the outlet disgram

becomes

v

The relative angle
B} = sin™" 200/970 = 11.8

+

The first-stage turning
Bl - B} = 60.7 - 11.9 = 48.8°

and
Vg2 = 970 cos 11.9 = 951 ft/sec
B, = tan™" 1000/951 = 46.5°
V, =.951/cos 46.5° = 1380 ft/sec

M, = 1380/1190 = 1.16

The total-temperature ratio

T
Ta _ [:l 4 0:4X 1200 (1152)] 1436
Ty 11172

Thus,
To = 518.6 X 1.436 = T44

and

8g,7 = 49.01A/T4L = 1338

19
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Becond Stage

Addition of the second-stage blade épeed in the opposite direction .
results in the following diagram for the second-stage inlet:

s>
(e}
Te]
3
t -1 (o]
Bl = tan 2200/951 = 66.6
vy o= 951/cos 66.6 = 2400
My = 2400/1180 = 2.01 .

Tor the assumed outlet whirl component of 400 ft/sec the outlet
disgram is

The second-stage btemperature ratio is
T (v-1) ar (ve,s + Ve,é)

— = +

T 2 _
3 8g,2

y-1) 1200 (1000 + 400)

=:l+< >
1336

= 1.376 , .
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T, = 1.376A/744 = 1025° R

8g,4 = 49.01A/1025 = 1570 ft/sec

At a Mach number of 1.2,
afay = 0.8811 (tebles)
a, = 0.8811X 1570 = 1384 ft/sec
Vy = 1.2 X1384 = 1660 f£i/sec
B, = sin™t 400/1660 = 13.9°

V, , = 1660 cos 13.9° = 1615 £t/sec

Z,4
M;,4 = 1615/1384 = 1.168

Second-stage turning
AB' = 66.6 - 26.3 m 40.3°

V; = 1615/cos 26.3 = 1801

M = 1801/1384 = 1.3

Seeond-stage pressure ratio

S

P, | -

Fo l+(r l)nadcm:'(vg’3+ve,4)
P 2
2 89,2

-1

a1y (y-1) 0.85X 1200 (1000 +400)
N 1536°

= [1.32]%°° = 2.642

Over-all pressure ratio
P Py

L X === 3.17X 2.642 = B8.38
P1 P2

.
- n

s

21
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APPENDIX C

DEVELCPMENT QF RELATION BETWEEN RECOVERY FACTOR
AND ADIABATTIC EFFICIENCY

In the design of supersonlc compressors, the greatest single prob-
lem ig the efficlent diffusion of air relative to elther rotor or stator
blades. A large smount of the information pertaining to supersonic
diffusion has been obtalned .in wind tunnels with stationsxry diffusers
or blade cascades. It is customary to express the performance of such
diffusers in terms of recovery factor, that is, the ratlo of outlet
total pressure to inlet total pressure, relative to the diffuser. In
compressor work, recovery factor may be expressed in terms of known
relations esg follows:

g
-

P
=—EXP'—::"X
1 1

o] o
| o=
ol

2

The terms Pl/P]‘_ and. ]E’é/P2 are point functlons and may be
transformed by isentropic relations as follows:

Y

-1
T T\’
L 2

= *\T R T

1 1 1 2

Because the total temperature relative to the blades remsins
constant, T]'_ = Té and

| o

v
"Ul N"U

.

1 r-1
Y
P P, \T

1 1\"2

From the definition of adiabatic efficiency,
Y-l

P ¥
2
T __) -1
1
<P1 }

ﬂad= T

2 " T1

2569



+

6952

NACA RM ESZEOL iy 23

=i
N 5 +\ = -1

Ts ad Pl

— e

Ty Nad

and by substitution,
T
T-1
P! P T

: T
e\ T
() 1en

Py

In figure 14 the relatlon bebween pressure recovery and adisgbatic
efficiency is glven for a range of pressure ratios at intervals of
adigbatic efficiency from 60 to 100 percent. The dashed lines of fig-
ure 14 represent contours of constant enthalpy rise and correspond to
the pressure-ratio scale only when standard inlet conditions are assumed.

From figure 14 it may be seen that at low pressure ratiocs, small
decreases in pressure recovery will result in larger decreases in adia-
batic efficiency. As stage pressure ratio increases, adiabatic effi-
ciency increases far constant values of pressure recovery.
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TABLE I - COMPARISON OF AN APPROXIMATE THREE-DIMENSIONAL DESIGN FOR A TIP SPEED
OF 1300 FEET PER SECOND WITH ONE-DIMENSIONAL ANALYSIS AT A BLADE SPEED COM-
PARABLE WITH THAT AT THE OUTLET MEAN RADIUS

Concept Three-dimensional One-dimensional
Eﬁ design deslgn
g; Radius Case
Tip | Mean | Hub 1 ! 2 I 3
First stage -
Inlet radius ratio 1.0 0.791 0.5 1.0 1.0 1.0
Inlet angle, ﬂi, deg 60.2 54 41 58.2 |58.2 }58.2
Inlet Mach number, Mi 1.404] 1.189 .926 1.32] 1.32] 1.32
Turning angle, deg |43.7 |50.3 |53.8 60 |48 {35
Qutlet angle, 52, deg | 44.5 43.3 48.6 54 48,5 (44
Outlet radius ratio .80 .811 LTFO5 | memem e me——
Stage pressure ratlio 2,525| 2.445 2.54 3.45| 2.93| 2.44
Second stage
Inlet angle, ﬁé, deg 66.2 61.5 '62.2 70 68.5 |68
Inlet Mach number, Mé 1.95 2.06 2.15 2.21( 2.05| 1.89
Turning angle, deg 48 48.2 48.7 21 41.5 {52
Qutlet angle, Bé, deg 26.9 28 26.3 4] 15 30
Qutlet radius ratilo .95 .916 .884 - -
- Outlet Mach number, My 1.20 1.29 1.298 .70] 1.2 1.2
Stage pressure ratio 3.27 3.33 3.21 2.33| 2.76| 3.30
Both stages
-
Over-all pressure ratio I 8.26 8.15 8.18 | 8 l 8 | 8

T~—

S

oh|—

Ratio of radius to tip radius

_ Center line

o—F
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Rotor relative turning angle, deg
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Rotor relative turning angle, deg

35

110 T T — T T
First stage i .
— — — — Second stage ’ /
—_— - — Turning to axial
dlrection, relative /
to flrst st
100 rs age //
Blade speed / ’
(ft/sec) /
1007 /’
8 i / / //
/ 1100// /
/ f
/ y ”/ 1200
70 'J.,
7 i
A |7 _ o~ Ts00
= d / — e
—/ AL
// — 110G by
60 A 4 —na ——= —
— [ — g e
\\___//’ / =T L _"_//-400 1400
i I e, _—-'7 —— —— [ =y
S _‘__’_/,,u- /’L 4%_/—_____-1-3-1-00
s <SS A _L—1 oA _ L —
f— = |— v = o
/ *f__/_ .__%————-— 1 1400 -
/ /
40 / V. '/
/ : Vi //
/ J
30 *
// / L7
20 / / 4 /
/ / !V g / /
T AN A
0 [ :
2 4 1 8 10 12. 14 1§ 18 - 20
Over-all pressure ratio :
Figure 10. - Variation of rotor relative turning angle wlth over-all pressure ratlo. Case 3.



9¢

Bt T . //¢/

2.2

N

Elade ape
. '(ft?a::;-nd- : s

1000 7
2N |

1200

R\

o

R
N

T

Mach number relative to blades of second stage

A . —t
1200 \ A _ %

L.2 : 1100\
- T _::_1;«?—%\%: = :W.:T_T.L_—_ E:“:’::‘::-I;__-.—_j_::n:__—:
.::‘.-E_—':-—-':;::_— o _F_::'_:- =3

arvn. ot

1o

i

— e —— ] —— =y gl

|

—t ——
- ] -
—
L —
1. = |

2 4 6 8 10 12 14 18 18 - 20
Orer-all pressure ratio :

ll
|

Flgure 11. - Variation of inlet and cutlet Hach mmbers relative to blades of secomd stege with over-ail
presaure ratio. Ceaa 3.

=
B
[
2
o
g

(. ) - S L

L) [ . ' . X ) I . ) !

Lo il s el uhial 2Ree i i




Stege pressure ratlo

[ < Gggz

r 1
Etage
First

— = — — Second

L] /
n P
. =5
Blede speed ——
(£t/sec) . — Jp—

\

1400 __ FT
’/ — .-—“-%

\

\
AN
\
'\

- ]

\
N\
\

-
1000

NI

1,000

12005

WL

A 1400

1'0

4 6 8 10 12 14 16

Over-all pressure ratio

Figure 12. - Distribution of pressure ratic between stages. Cese 3,

18

TOEZSE W VOVN

LS




38

Mach number relatlve to blades
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